Introduction {#s1}
============

Normal aging has been associated with impairments in a number of hippocampus-mediated spatial learning and memory tasks such as the Morris water and radial arm mazes (Rosenzweig and Barnes, [@B30]; O\'Callaghan et al., [@B28]; Gazova et al., [@B11]), as well as decreased DG volume (Small et al., [@B33]), deficits in long-term potentiation induction, increased susceptibility to long-term depression, and reductions in DG synaptic contacts (Rosenzweig and Barnes, [@B30]; Gruart et al., [@B13]). Many of these hippocampal modifications are changed in the opposite direction following either voluntary or forced physical exercise. Running has been shown to improve performance in spatial discrimination tasks such as the Morris water maze and touch screen tests (Creer et al., [@B9]; Vivar et al., [@B40]; Voss et al., [@B41]) and associative tasks such as operant conditioning (e.g., lever pressing; Madroñal et al., [@B25]) and contextual fear conditioning (Clemenson et al., [@B7]) in adult mice. Not surprisingly, physical exercise has been proven to actually reverse age-related deficits in many behavioral, anatomical, and cellular domains (Colcombe and Kramer, [@B8]; van Praag et al., [@B39]; Albeck et al., [@B2]; Madroñal et al., [@B25]; Intlekofer and Cotman, [@B17]) though see also (Hansalik et al., [@B14]; Creer et al., [@B9]; Madroñal et al., [@B25]). The cognitive benefits of exercise may in fact supersede the normal aging process and may be used to alleviate some forms of memory decline in transgenic mouse models of Alzheimer\'s (e.g., water maze and operant conditioning, see García-Mesa et al., [@B10]) and in older human populations at risk for the disease (Larson et al., [@B23]; Lautenschlager et al., [@B24]).

A recent study has also shown that aging and exercise often exert opposing transcriptional regulation on the same genes in the hippocampus (Kohman et al., [@B20]). Several of these regulated genes are known to play a role in adult hippocampal neurogenesis. Adult neurogenesis in the subgranular zone of the DG is remarkably decreased in aged animals (Kuhn et al., [@B22]; Bondolfi et al., [@B4]) and this decrease can be partially reversed following exercise (van Praag et al., [@B39]; Kronenberg et al., [@B21]). However, though adult neurogenesis has been shown to be a necessary mechanism for the improvement of fine-scale spatial and contextual discrimination in adult mice (Clelland et al., [@B6]; Creer et al., [@B9]; Sahay et al., [@B31]; Tronel et al., [@B38]), it may not fully account for the positive cognitive effects of exercise in young adult and aged animals (Meshi et al., [@B26]; Creer et al., [@B9]; Madroñal et al., [@B25]).

We thus examined the contribution of age and exercise to performance in a fear-based contextual discrimination task. The involvement of the DG in these types of associative learning has been well documented (Aimone et al., [@B1]; Sahay et al., [@B32]) and recently highlighted by a study showing the differential participation of the DG in the encoding of contextual and cue signals (Carretero-Guillén et al., [@B5]). Performance on spatial and contextual discrimination tasks has previously been shown to correlate with levels of adult neurogenesis in the DG (Clelland et al., [@B6]; Creer et al., [@B9]; Sahay et al., [@B31]; Tronel et al., [@B38]). These tasks have been proposed to require pattern separation, the process in which experiences are represented as distinct neural ensembles in the DG, thereby enabling animals to differentiate seemingly similar contexts from one another. Thus, testing for behavioral pattern separation in DG-dependent tasks could be useful in identifying endophenotypes related to overgeneralization of memory, which is observed in age-dependent and -independent cognitive decline as well as in anxiety related disorders (Yassa et al., [@B45]; Kheirbek et al., [@B19]).

We hypothesized that performance on a contextual fear discrimination task would be severely impaired in aged animals and rescued by voluntary exercise partly through neurogenesis-dependent mechanisms. While previous studies have examined aged rodents (Creer et al., [@B9]; Gracian et al., [@B12]) and humans (Toner et al., [@B37]; Stark et al., [@B34]) in reward-based and neutral contextual discrimination behaviors, our findings represent the first demonstration of the ameliorative effects of exercise on aging-related deficits in an aversion-based pattern separation task.

Materials and methods {#s2}
=====================

Animals
-------

Two and seventeen month old C57/Bl6 male mice were purchased from Charles River Laboratory and the NIA Aged Rodent Colony housed at Charles River, respectively. Mice were housed 3--4 to a cage, maintained on a 12:12 light cycle, and given food and water *ad libitum*. One week after arrival, half the aged animals were assigned to the aged-run group and provided with a running disc atop a polycarbonate igloo (Bio-Serv, NJ) and a cotton nestlet. Running distance was assessed via standard bike speedometers attached to the running discs. Visual observation confirmed that all animals in each cage chose to run on the wheel. Aged-run animals traveled an average of 1.3 km/day. Starting 1 week later, all animals were injected daily with phosphate buffered saline for the entirety of the experiment. Three i.p. injections of 100 mg/kg 5-bromo-2\'-deoxyuridine (BrdU, Roche; Basel, Switzerland) dissolved 10 mg/mL in normal saline were administered to all animals 24 h apart beginning the first day of PBS administration. All procedures were approved by and complied with NIH AALAC and NYSPI and CU IACUC guidelines.

Behavioral testing
------------------

Assays were carried out during the light cycle with at least 48 h between tests (Figure [1A](#F1){ref-type="fig"}). To minimize stress associated with transportation, animals were wheeled into testing rooms at least 20 min prior to all assays. All assays were performed at least 1 h prior to daily injections.

![**Effect of age and exercise on anxiety-related behaviors. (A)** Experimental timeline. Daily PBS injections were initiated 1 week after aged-run animals were given access to a running disc. After 3 weeks of injections, animals were assessed in the open field (OF), novelty suppressed feeding (NSF), and discrimination task assays. **(B--E)** OF test. No difference was seen between animals in either total distance traveled **(B)** or percent center distance **(C)**. Young animals reared significantly more than aged mice **(D)**. Aged-run animals spent more time in the center of the arena compared to aged controls **(E)**. **(F,G)** NSF test. No differences were seen between any groups in latency to feed. Mean ± SEM. *n* = 11(young); *n* = 12(aged); *n* = 14(aged-run). ^\*^*p* \< 0.05, ^\*\*\*^*p* \< 0.001.](fnsys-09-00114-g0001){#F1}

Anxiety-like behaviors
----------------------

Open field (OF) and novelty suppressed feeding (NSF) assays were performed as previously described (Wu and Hen, [@B44]) in a dark (OF) or dimly lit (NSF) testing room. Briefly, OF assays were performed in a 43 × 43 cm plexiglass enclosed arena and ambulatory activity was automatically detected by infrared photobeam crosses over a 30 min period (Med-Associates; St Albans, VT). NSF was carried out in a plastic box (45 × 30 × 15 cm) covered with approximately 2 cm of sawdust bedding. Prior to the test, animals were food deprived for 24 h. A single pellet of standard chow was affixed to a raised platform covered with white filter paper. The mouse was placed in a corner of the arena and the latency to feed (defined as the mouse sitting on its haunches and biting the pellet with the use of its forepaws) was recorded (with a ceiling of 10 min).

Contextual fear conditioning
----------------------------

Testing was performed in one side of a shuttle box (20.3 × 15.9 × 21.3 cm, Med-Associates; St Albans, VT) with two clear plexiglass walls, two aluminum walls, and a stainless steel grid floor, which was encased in a sound-dampening cubicle, as previously described (Sahay et al., [@B31]). For training Context A, experimental room lights were on, the testing chamber was lit with a house light, ventilation was provided with a house fan, a mild anise scent was used as an olfactory cue, a non-alcoholic antiseptic was used to clean the chamber and grid floor between runs, and animals were transported from their home cages to the chambers and back using standard cages (Table [1](#T1){ref-type="table"}). Mice were placed in the context for 180 s, received a single 2 s foot shock of 0.75 mA, and then removed from the context 15 s after the shock ended. For novel Context C, the experimental room was lit only with red light, the house light and fan were off, two foam inserts were used to cover the walls in an oblong fashion, the grid floor was covered with a plastic insert and a layer of corncob bedding, a mild mint scent was used as an olfactory cue, mild soap was used to clean the inserts between runs, and animals were transported using pie-shaped mouse cages (Table [1](#T1){ref-type="table"}). Mice were placed in the context for 180 s and removed, with no shock delivery. All animals were trained in Context A on day 0, tested in Context A on day 1 with no shock presentation, and tested in Context C on day 2.

###### 

**Contextual fear conditioning and contextual discrimination assay parameters**.

  **Parameter**      **Context A**              **Context B**                            **Context C**
  ------------------ -------------------------- ---------------------------------------- ----------------------------------------------
  Room lighting      On                         Dim                                      Red
  Chamber lighting   On                         Off                                      Off
  Ventilation        On                         Off                                      Off
  Olfactory cue      Anise                      Lemon                                    Mint
  Flooring           Steel grid bars            Steel grid bars                          Plastic insert with layer of corncob bedding
  Chamber wall       No additional walls        Plastic inserts to form circular walls   Foam inserts to form oblong walls
  Cleanser           Non-alcoholic antiseptic   70% ethanol                              Mild soap
  Transport          Rectangle cages            Cardboard bucket                         Pie cages

Contextual discrimination
-------------------------

Beginning on day 3, animals were tested daily in Context A (the same training context as for contextual fear conditioning) with foot shock, returned to their home cage, and tested in Context B 1 h later (Sahay et al., [@B31]). For similar Context B, experimental room lights were dimmed, the house light and fan were turned off, two plastic inserts were used to cover the walls in a circular fashion, a mild lemon scent was used as an olfactory cue, 70% ethanol was used to clean the inserts and grid floor between runs, and animals were transported using cardboard buckets (Table [1](#T1){ref-type="table"}). Mice were placed in the context for 180 s and removed, with no shock delivery. Percent time freezing in each context was measured to calculate a discrimination ratio: (Freezing~ContextA~ -- Freezing~ContextB~)/(Freezing~ContextA~ + Freezing~ContextB~). A discrimination ratio of 0 denotes equivalent freezing in the two contexts, indicating a lack of discrimination. Area under the curve was calculated by integrating the discrimination ratio over total days in the assay.

Histology
---------

Every sixth section was immunolabeled for either BrdU, Ki67, or DCX as previously described (Wu and Hen, [@B44]) 2 weeks subsequent to the conclusion of behavioral procedures. Primary antibodies included: rat anti-BrdU (1:200, Serotec OBT0030; Kidlington, UK), rabbit anti-Ki67 (1:100, Vector VP-RM04; Burlingame, CA), and goat anti-DCX (1:500, SCBT sc-8066; Dallas, TX). Secondary antibodies included: Cy3 donkey anti-rat (1:800, Jackson 712-165-150; West Grove, PA), AlexaFluor 488 anti-rabbit (1:300, Molecular Probes A21206; Eugene, OR), and biotinylated donkey anti-goat (1:500, Jackson 705-065-147). Sections were imaged on an AxioObserver A.1 or Axiovert 200 (Zeiss; Oberkochen, Germany). All BrdU, Ki67, and DCX immunolabeled cells spanning the DG were quantified and multiplied by six.

Statistical analysis
--------------------

Data was analyzed by One-Way ANOVA between young and aged or between aged and aged-run groups for: OF total distance (Figure [1B](#F1){ref-type="fig"}), OF center distance (Figure [1C](#F1){ref-type="fig"}), OF rearing (Figure [1D](#F1){ref-type="fig"}), OF center time (Figure [1E](#F1){ref-type="fig"}), NSF latency to feed (Figure [1F](#F1){ref-type="fig"}), area under the curve of the contextual discrimination ratio (Figure [2C](#F2){ref-type="fig"}), and number of cells of each histological marker (Figures [3A--D](#F3){ref-type="fig"}). Homogeneity of variance was confirmed between each pair of two groups with the *F*-test. Data was analyzed by repeated measures ANOVA between days 0 and 1 or between days 1 and 2 for contextual fear conditioning in each group (Figure [2A](#F2){ref-type="fig"}). Data was analyzed by one-way repeated measures ANOVA between contexts A and B across days 3--11 for contextual discrimination in each group (Figures [2D--F](#F2){ref-type="fig"}) and between aged and aged-run groups across sections 1--13 for cell counts of each histological marker (Figures [3E--H](#F3){ref-type="fig"}). Data was analyzed by one-way repeated measures ANOVA between young and aged or between aged and aged-run groups across days 3--11 for contextual discrimination ratio (Figure [2B](#F2){ref-type="fig"}). Latency to feed in the NSF was also analyzed using Kaplan--Meier survival curves followed by Mantel-Cox log-rank tests (Figure [1G](#F1){ref-type="fig"}). *P* \< 0.05 were deemed statistically significant. A full listing of statistical results is provided in Table [2](#T2){ref-type="table"}.

![**Effect of age and exercise on a contextual discrimination task. (A)** There were no deficits in learning the one-shock contextual fear conditioning task in young, aged, aged-run mice. Animals in all groups froze upon re-exposure to the training one-shock context (Context A) on day 1 but displayed significantly lower levels of freezing upon exposure to a novel no-shock context (Context C) on day 2. **(B,C)** Aged animals were significantly impaired in the ability to discriminate between the training context (Context A) and a similar yet no-shock context (Context B) as assessed by the ratio of freezing in Context A compared to Context B, a deficit which is rescued in aged-run animals; AUC, area under the curve. **(D--F)** Percent time spent freezing in training Context A (solid line) or similar Context B (dotted line) over days 3 through 11 of the task. Mean ± SEM. *n* = 11(young); *n* = 12(aged); *n* = 14(aged-run). ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001.](fnsys-09-00114-g0002){#F2}

![**Effect of age and exercise on neurogenesis. (A--D)** Quantification of neurogenesis in the DG of young, aged, and aged-run animals. Aged and aged-run mice have, on average, significantly fewer 7 week old BrdU+ cells **(A)**, Ki67+ cells **(B)**, DCX+ cells **(C)**, and DCX+ cells with tertiary or higher order dendrites **(D)** than young animals. Running increases some measures of neurogenesis in aged mice, but not to levels seen in young animals **(C,D)**. **(E--H)** Mean cell counts from aged and aged-run animals (summed in **A--D**) projected across the antero-posterior axis of the DG. Note the trend for DCX+ cell counts to be increased in aged-run compared to aged mice **(G)**. Aged-run mice had significantly more DCX+ cells with tertiary dendrites than aged animals **(H)**. **(I--K)** Representative coronal sections through the DG of young **(I)**, aged **(J)**, and aged-run **(K)** mice stained for doublecortin. Note changes both in number of DCX+ cells as well as complexity of such cells. Mean ± SEM. *n* = 10(young); *n* = 12(aged); *n* = 14(aged-run). ^\*^*p* \< 0.05, ^\*\*\*^*p* \< 0.001 **(A--H)**. Scale bar equals 100 μm **(I--K)**.](fnsys-09-00114-g0003){#F3}

###### 

**Statistical analyses**.

  **Behavior**                                                   **Test**                          **Independent variable**      **Factor**        **Fig**   ***df***                  **Stat**   **Sig**
  -------------------------------------------------------------- --------------------------------- ----------------------------- ----------------- --------- ------------------------- ---------- -----------
  OF: total distance                                             One-Way ANOVA                     Young vs. aged                Group             **1B**    *F*~(1,\ 21)~             0.0004     0.99
                                                                                                   Aged vs. aged-run                                         *F*~(1,\ 24)~             0.06       0.81
  OF: center distance                                            One-Way ANOVA                     Young vs. aged                Group             **1C**    *F*~(1,\ 21)~             0.36       0.55
                                                                                                   Aged vs. aged-run                                         *F*~(1,\ 24)~             2.13       0.16
  OF: rearing                                                    One-Way ANOVA                     Young vs. aged                Group             **1D**    *F*~(1,\ 21)~             15.57      0.0007
                                                                                                   Aged vs. aged-run                                         *F*~(1,\ 24)~             0.01       0.93
  OF: center time                                                One-Way ANOVA                     Young vs. aged                Group             **1E**    *F*~(1,\ 21)~             0.21       0.65
                                                                                                   Aged vs. aged-run                                         *F*~(1,\ 24)~             4.66       0.04
  NSF: latency to feed                                           One-Way ANOVA                     Young vs. aged                Group             **1F**    *F*~(1,\ 21)~             1.12       0.30
                                                                                                   Aged vs. aged-run                                         *F*~(1,\ 24)~             0.10       0.75
                                                                 Mantel-cox logrank                Young vs. aged vs. aged-run   Group             **1G**    $\chi_{2,\ N = 37}^{2}$   2.38       0.30
  Contextual fear conditioning: young                            Repeated measures ANOVA           d0 vs. d1                     Day               **2A**    *F*~(1,\ 10)~             127.87     \< 0.0001
                                                                                                   d1 vs. d2                                                 *F*~(1,\ 10)~             89.33      \< 0.0001
  Contextual fear conditioning: aged                             Repeated measures ANOVA           d0 vs. d1                     Day               **2A**    *F*~(1,\ 11)~             47.54      \< 0.0001
                                                                                                   d1 vs. d2                                                 *F*~(1,\ 11)~             25.10      0.003
  Contextual fear conditioning: aged-run                         Repeated measures ANOVA           d0 vs. d1                     Day               **2A**    *F*~(1,\ 13)~             141.41     \< 0.0001
                                                                                                   d1 vs. d2                                                 *F*~(1,\ 13)~             85.60      \< 0.0001
  Contextual discrimination ratio                                                                  Young vs. aged                Group                       *F*~(1,\ 21)~             19.09      0.0003
                                                                                                                                 Day                         *F*~(8,\ 168)~            15.70      \< 0.0001
                                                                                                                                 Group × day                 *F*~(8,\ 168)~            1.62       0.12
                                                                 One-Way repeated measures ANOVA   Aged vs. aged-run             Group             **2B**    *F*~(1,\ 24)~             12.43      0.002
                                                                                                                                 Day                         *F*~(8,\ 192)~            7.92       \< 0.0001
                                                                                                                                 Group × day                 *F*~(8,\ 192)~            0.50       0.85
                                                                                                   Young vs. aged vs. aged-run   Group                       *F*~(2,\ 34)~             10.82      0.0002
                                                                                                                                 Day                         *F*~(8,\ 272)~            16.93      \< 0.0001
                                                                                                                                 Group × day                 *F*~(16,\ 272)~           1.27       0.22
  Contextual discrimination ratio AUC                            One-Way ANOVA                     Young vs. aged                Group             **2C**    *F*~(1,\ 21)~             19.84      0.0002
                                                                                                   Aged vs. aged-run                                         *F*~(1,\ 24)~             11.79      0.002
  Contextual discrimination across days: young                   One-Way repeated measures ANOVA   Context A vs. B               Context           **2D**    *F*~(1,\ 10)~             65.76      \< 0.0001
                                                                                                                                 Day                         *F*~(8,\ 80)~             7.53       \< 0.0001
                                                                                                                                 Context × day               *F*~(8,\ 80)~             11.90      \< 0.0001
  Contextual discrimination across days: aged                    One-Way repeated measures ANOVA   Context A vs. B               Context           **2E**    *F*~(1,\ 11)~             7.14       0.02
                                                                                                                                 Day                         *F*~(8,\ 88)~             2.98       0.005
                                                                                                                                 Context × day               *F*~(8,\ 88)~             4.76       \< 0.0001
  Contextual discrimination across days: aged-run                One-Way repeated measures ANOVA   Context A vs. B               Context           **2F**    *F*~(1,\ 13)~             59.38      \< 0.0001
                                                                                                                                 Day                         *F*~(8,\ 104)~            13.63      \< 0.0001
                                                                                                                                 Context × day               *F*~(8,\ 104)~            6.96       \< 0.0001
  Number of cells: BrdU                                          One-Way ANOVA                     Young vs. aged                Group             **3A**    *F*~(1,\ 19)~             141.01     \< 0.0001
                                                                                                   Aged vs. aged-run                                         *F*~(1,\ 22)~             0.004      0.95
  Number of cells: Ki67                                          One-Way ANOVA                     Young vs. aged                Group             **3B**    *F*~(1,\ 19)~             132.36     \< 0.0001
                                                                                                   Aged vs. aged-run                                         *F*~(1,\ 22)~             2.52       0.13
  Number of cells: DCX                                           One-Way ANOVA                     Young vs. aged                Group             **3C**    *F*~(1,\ 19)~             410.17     \< 0.0001
                                                                                                   Aged vs. aged-run                                         *F*~(1,\ 22)~             3.95       0.06
  Number of cells: DCX with tertiary dendrites                   One-Way ANOVA                     Young vs. aged                Group             **3D**    *F*~(1,\ 19)~             72.83      \< 0.0001
                                                                                                   Aged vs. aged-run                                         *F*~(1,\ 22)~             5.21       0.03
  Number of cells across sections: BrdU                          One-Way repeated measures ANOVA   Aged vs. aged-run             Group             **3E**    *F*~(1,\ 22)~             0.004      0.95
                                                                                                                                 Section                     *F*~(12,\ 264)~           1.81       0.05
                                                                                                                                 Group × section             *F*~(12,\ 264)~           0.88       0.57
  Number of cells across sections: Ki67                          One-Way repeated measures ANOVA   Aged vs. aged-run             Group             **3F**    *F*~(1,\ 22)~             2.52       0.13
                                                                                                                                 Section                     *F*~(12,\ 264)~           5.51       \< 0.0001
                                                                                                                                 Group × section             *F*~(12,\ 264)~           0.84       0.61
  Number of cells across sections: DCX                           One-Way repeated measures ANOVA   Aged vs. aged-run             Group             **3G**    *F*~(1,\ 22)~             3.95       0.06
                                                                                                                                 Section                     *F*~(12,\ 264)~           8.97       \< 0.0001
                                                                                                                                 Group × section             *F*~(12,\ 264)~           1.04       0.41
  Number of cells across sections: DCX with tertiary dendrites   One-Way repeated measures ANOVA   Aged vs. aged-run             Group             **3H**    *F*~(1,\ 22)~             5.21       0.03
                                                                                                                                 Section                     *F*~(12,\ 264)~           8.76       \< 0.0001
                                                                                                                                 Group × section             *F*~(12,\ 264)~           2.18       0.01

Analyses were deemed significant if p-values were below 0.05. Behavior, specific behavioral measurement; Test, statistical test; Fig, figure; df, degrees of freedom; Stat, F- or χ^2^-statistic (as appropriate); Sig, p-value.

Results {#s3}
=======

Anxiety-related behaviors
-------------------------

To examine anxiety-related behaviors, young (3 month old), aged (18 month old), and aged-run animals (average travel of 1.3 km/day) were tested on the OF and NSF tests. These behaviors were assessed in order to rule out baseline anxiety differences between groups which could confound results from following cognitive tasks. All animals exhibited comparable levels of exploration and anxiety as measured by total distance traveled \[Figure [1B](#F1){ref-type="fig"}; young vs. aged: *F*~(1,\ 21)~ = 3.60 × 10^−4^, *p* = 0.99; aged vs. aged-run: *F*~(1,\ 24)~ = 0.06, *p* = 0.81\] and percent of distance traveled in the center of the arena \[Figure [1C](#F1){ref-type="fig"}; young vs. aged: *F*~(1,\ 21)~ = 0.36, *p* = 0.55; aged vs. aged-run: *F*~(1,\ 24)~ = 2.13, *p* = 0.16\]. However, young animals displayed significantly more rearing behavior than aged mice \[Figure [1D](#F1){ref-type="fig"}; *F*~(1,\ 21)~ = 15.57, *p* = 0.0007\] while running animals spent more time in the center of the arena compared to age-matched controls \[Figure [1E](#F1){ref-type="fig"}; *F*~(1,\ 24)~ = 4.66, *p* = 0.04\]. No differences were seen in the latency to begin feeding in the NSF test \[Figures [1F,G](#F1){ref-type="fig"}; young vs. aged: *F*~(1,\ 21)~ = 1.12, *p* = 0.30; aged vs. aged-run: *F*~(1,\ 24)~ = 0.10, *p* = 0.75; $\chi_{2,\ N{(37)}}^{2} = 2.38$, *p* = 0.30\], suggesting that this anxiety-related behavior is independent of both age and exercise.

Contextual conditioning and discrimination
------------------------------------------

To examine the cognitive abilities of young, aged, and aged-run mice, animals were tested in a one-shock contextual fear conditioning task (Figure [2A](#F2){ref-type="fig"}). All animals acquired conditioning to a foot shock in Context A, demonstrably freezing upon re-exposure to the context 24 h later \[freezing on d0 vs. d1---young: *F*~(1,\ 10)~ = 127.87, *p* = 5.53 × 10^−10^; aged: *F*~(1,\ 11)~ = 47.54, *p* = 3.48 × 10^−7^; aged-run: *F*~(1,\ 13)~ = 141.41, *p* = 2.10 × 10^−11^\]. Upon exposure to the novel no-shock Context C 24 h later, all animals displayed significantly lower levels of freezing, indicating that neither age nor exercise altered the ability of the animals to distinguish between decidedly different contexts \[freezing on d1 vs. d2---young: *F*~(1,\ 10)~ = 89.33, *p* = 5.74 × 10^−9^; aged: *F*~(1,\ 11)~ = 25.10, *p* = 2.59 × 10^−3^; aged-run: *F*~(1,\ 13)~ = 85.60, *p* = 2.49 × 10^−7^\]. It should be noted, however, that aged animals displayed significantly more freezing in the neutral Context C on day 2 compared to young animals \[*F*~(1,\ 21)~ = 5.80, *p* = 0.03\].

The ability of animals to differentiate between highly similar contexts was then tested in a contextual fear discrimination task. On the first day of this paradigm, all animals froze equivocally in Context A and in the similar yet no-shock Context B, indicating a generalization of contextual fear across all groups \[day 3 of Figures [2D--F](#F2){ref-type="fig"}; young: *F*~(1,\ 10)~ = 0.90, *p* = 0.37; aged: *F*~(1,\ 11)~ = 2.20, *p* = 0.17; aged-run: *F*~(1,\ 13)~ = 0.06, *p* = 0.81\]. However, over the course of the next 8 days, aged mice were shown to be significantly impaired in their ability to distinguish between the two similar contexts compared to young animals though aged animals do eventually learn to discriminate \[Figure [2B](#F2){ref-type="fig"}; discrimination ratio: *F*~(1,\ 21)~ = 19.09, *p* = 0.0003; Figure [2C](#F2){ref-type="fig"}; area under the curve: *F*~(1,\ 21)~ = 19.84, *p* = 0.0002; Figure [2D](#F2){ref-type="fig"}; young discrimination: *F*~(1,\ 10)~ = 65.76, *p* \< 0.0001; Figure [2E](#F2){ref-type="fig"}; aged discrimination: *F*~(1,\ 11)~ = 7.14, *p* = 0.02\]. Interestingly, behavior in this aversive discrimination task was no longer impaired when aged animals were provided with a running wheel as exercising animals performed significantly better than their age-matched controls \[Figure [2B](#F2){ref-type="fig"}; discrimination ratio: *F*~(1,\ 24)~ = 12.43, *p* = 0.002; Figure [2C](#F2){ref-type="fig"} area under the curve: *F*~(1,\ 24)~ = 11.79, *p* = 0.002; Figure [2F](#F2){ref-type="fig"}; aged-run discrimination: *F*~(1,\ 13)~ = 59.38, *p* \< 0.0001\].

Adult hippocampal neurogenesis
------------------------------

Improved performance on the contextual discrimination task had previously been demonstrated to correlate with levels of adult hippocampal neurogenesis (Sahay et al., [@B31]). We therefore examined markers of proliferation (Ki67+ cells) and survival (7 week old BrdU+ cells), as well as the numbers of immature neurons (DCX+ cells) and complexity of their dendrites (DCX+ cells with tertiary dendrites) (Wang et al., [@B42]) in the DG of young, aged, and aged-run animals. Young mice had significantly greater numbers of 7 week old BrdU+, Ki67+, and DCX+ cells compared to aged mice \[Figures [3A--D,I,J](#F3){ref-type="fig"}; BrdU: *F*~(1,\ 19)~ = 141.01, *p* = 3.09 × 10^−10^; Ki67: *F*~(1,\ 19)~ = 132.36, *p* = 5.26 × 10^−10^; DCX: *F*~(1,\ 19)~ = 410.17, *p* = 2.53 × 10^−14^; DCX with tertiary dendrites: *F*~(1,\ 19)~ = 72.83, *p* = 6.33 × 10^−8^\], a difference reflected across the antero-posterior axis of the dentate gyrus (Figure [4](#F4){ref-type="fig"}). Thus, running does not increase neurogenesis in aged mice to levels comparable to young animals despite aged-run mice displaying similar contextual discrimination abilities as young mice (Figures [2D,F](#F2){ref-type="fig"}).

![**Comparison of neurogenesis between young vs. aged and aged-run mice across the antero-posterior axis of the DG. (A--D)** The average number of 7 week old BrdU+ cells **(A)**, Ki67+ cells **(B)**, DCX+ cells **(C)**, and DCX+ cells with tertiary or higher order dendrites **(D)** in young, aged, and aged-run animals along the DG antero-posterior axis plotted on a logarithmic axis. Young mice had markedly higher levels of neurogenesis across all measures compared to aged and aged-run mice. Mean + SEM. *n* = 10(young); *n* = 12(aged); *n* = 14(aged-run).](fnsys-09-00114-g0004){#F4}

While the numbers of BrdU+ and Ki67+ cells were indistinguishable between aged and aged-run animals \[Figures [3A,B,E,F](#F3){ref-type="fig"}; BrdU: *F*~(1,\ 22)~ = 0.004, *p* = 0.95; Ki67: *F*~(1,\ 22)~ = 2.52, *p* = 0.13\], there was a trend toward more DCX+ cells in running animals compared to age-matched controls \[Figures [3C,G,J,K](#F3){ref-type="fig"}; *F*~(1,\ 22)~ = 3.95, *p* = 0.06\]. Most notably, there were significantly more DCX+ cells with tertiary or higher order dendritic branching in aged-run animals compared to sedentary aged mice \[Figures [3D,J,K](#F3){ref-type="fig"}; *F*~(1,\ 22)~ = 5.21, *p* = 0.03\]. Increased numbers of DCX+ cells with tertiary or higher order dendritic branching were seen across the antero-posterior axis in aged-run animals \[Figure [3H](#F3){ref-type="fig"}; *F*~(12,\ 264)~ = 2.183, *p* = 0.01\].

Discussion {#s4}
==========

With the average age of the world\'s population rapidly rising (United Nations World Population Ageing 2013), the need for studies investigating aging-related cognitive impairments has become increasingly important. A burgeoning number of studies have demonstrated that physical activity can reverse cognitive decline observed in normal aging in both humans and rodents (Hillman et al., [@B16]; Vivar et al., [@B40]). For instance, cerebral blood volume in the DG is increased following exercise in middle-aged humans (Pereira et al., [@B29]) and the dramatic drop in adult neurogenesis that accompanies aging can be improved following physical exercise in mice (van Praag et al., [@B39]).

Here we find that, in comparison to young mice, aged animals were impaired in a DG-dependent aversive pattern separation task in which they were required to discriminate between highly similar contexts. However, given the opportunity to exercise voluntarily, aged animals performed significantly better than age-matched controls and nearly as well as young mice. In our paradigm, aged mice ran an average of 1.3 km/day. This distance is shorter than the 3.9 km/day (van Praag et al., [@B39]) and 5.4 km/day (Creer et al., [@B9]) previously reported by other groups. One possible explanation for this difference is that our animals were group housed while previous measurements were carried out on individually housed animals. The decision to group house animals was made to minimize social isolation stress (Kalliokoski et al., [@B18]). We note, however, that even with this shorter running distance, aged-run mice displayed massive cognitive improvement compared to control mice of the same age. It would appear that increased neurogenesis in the DG can partially account for this improvement since the number of immature neurons, especially those with tertiary dendrites, was increased in aged-run mice compared to aged controls consistent with previous studies (Bednarczyk et al., [@B3]; Tanti and Belzung, [@B35]).

However, it is likely that the increased number of immature neurons alone is not responsible for the improved performance in the fear-based pattern separation task. Normal aging and voluntary exercise exert global cellular and transcriptional changes (Kohman et al., [@B20]) with widespread downstream effects. It will therefore be important to directly manipulate adult-born neurons, via targeted ablation and genetic manipulation (Wong-Goodrich et al., [@B43]; Sahay et al., [@B31]), to determine how neurogenesis impacts contextual fear discrimination in aged and aged-run mice.

We note that our findings do not agree with previous work showing that voluntary exercise does not rescue spatial pattern separation in aged mice (Creer et al., [@B9]) likely because our fear-based task evokes disparate neural networks than those utilized in their appetite-based spatial paradigm (Hayes et al., [@B15]). It is also possible that performance in our fear-based task is more amenable to rescue due to a negative-valence bias in memory strength (Mickley Steinmetz et al., [@B27]). Indeed, aged animals were unimpaired in their ability to differentiate between dissimilar contexts (a low demand task) despite performing poorly when contexts were highly similar (a high demand task). In contrast, aged mice were impaired in learning both high and low demand versions of a reward-based spatial discrimination task (Creer et al., [@B9]). These results highlight that running does not globally improve learning (for instance, classical eye-blink conditioning is unaffected by exercise; Madroñal et al., [@B25]) and that its positive effects may be most beneficial for demanding cognitive behaviors that utilize specific sets of neural networks and computational processes like pattern separation. This is especially important when determining what cognitive behaviors could actually be alleviated in aging-related diseases like Alzheimer\'s (Larson et al., [@B23]; Lautenschlager et al., [@B24]; García-Mesa et al., [@B10]).

Similar to Creer et al. ([@B9]); Madroñal et al. ([@B25]), but unlike van Praag et al. ([@B39]), we do not see an increase in the number of proliferating or 7 week-old cells in the DG of aged mice following voluntary exercise, supporting the view that neurogenesis appears to be related to running primarily in young animals (Creer et al., [@B9]; Madroñal et al., [@B25]; Vivar et al., [@B40]; Voss et al., [@B41]). We cannot, of course, exclude the possibility that we have underestimated the number of new neurons due to insufficient BrdU incorporation (Taupin, [@B36]) during our 3 day BrdU administration protocol as opposed to five (Creer et al., [@B9]) or seven (van Praag et al., [@B39]) days of BrdU injections. However, we do see a slight increase in the number of neurons expressing the immature cell marker doublecortin. That being said, previous reports have shown that adult neurogenesis alone may not fully account for the ameliorative effects of enriched environments and exercise on hippocampus-dependent behaviors (Meshi et al., [@B26]; Madroñal et al., [@B25]).

To determine if neurogenesis does contribute to exercise-induced rescue of behavioral pattern separation in older animals, future studies will need to assess if ablation of neurogenesis (e.g., via x-irradiation) in aged-run mice hinders exercise-induced improvement of contextual fear discrimination. Nonetheless, the robust amelioration of behavioral pattern separation elicited by exercise in aged mice suggests the possibility that environmental or pharmacological manipulations that relate to neurogenesis may be effective in reversing specific aspects of cognitive decline observed during the course of aging.
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